Initial evidence that electrical excitability is both an early aspect of neuronal differentiation and a developmentally regulated property was obtained from recordings of action potentials in viva. Subsequently, the analysis of the underlying voltage-dependent currents during early stages of embryogenesis was facilitated by investigation of dissociated neurons and muscle cells differentiating in culture. Calcium and potassium currents play a major role in the differentiationof the action potential of Xenopus spinal neurons, and calcium influx triggers specific features of neuronal differentiation. However, the extent to which differentiation of currents in vitro parallels that in viva is uncertain.
We have undertaken a study of in viva differentiation of these macroscopic currents in Xenopus embryos. Spinal cords were isolated from embryos at several early stages of neurogenesis.
Neurons in these isolated spinal cords were accessible to patch-clamp electrodes. Neuronal currents were recorded within 1 hr to assure that the characteristics of the currents resulted from developmental events occurring in viva prior to the experiment.
Whole-cell voltage-clamp recordings from neurons in these acutely isolated and intact embryonic spinal cords demonstrate that both the delayedrectifier and inactivating potassium current and a low-voltage-activated calcium current mature in a manner closely parallel to that observed in culture. The results validate those from the culture system and indicate that the spinal cord is another region of the CNS accessible to cellular analysis in an intact preparation.
[Key words: potassium currents, calcium currents, neuronal differentiation, spinal cord, Xenopus embryos, wholecell recording] Development of the neuronal action potential and the underlying voltage-dependent currents has been examined during early stages of embryogenesis in various species (Spitzer, 199 1) . Most ofthese investigations have been carried out on dissociated cells differentiating in culture, because ofthe greater accessibility of the neurons. Development of currents in vivo has been in-vestigated in only a few instances (Takahashi et al., 197 1; Miyazaki et al., 1972 Miyazaki et al., , 1974 Hirano and Takahashi, 1987; Simoncini et al., 1988; Fuchs and Sokolowski, 1990; Shidara and Okamura, 1991) . Thus, the extent to which differentiation in vitro parallels that in vivo is largely unknown. Further, the loss of cell<ell interactions and truncation of nascent axons and dendrites in the process of acute dissociation may alter the excitability of intact neurons.
Calcium and potassium currents play a major role in the differentiation ofthe action potential of Xenopus spinal neurons in culture (Barish, 1986; O'Dowd et al., 1988; Ribera and Spitzer, 1989; Locket-y and Spitzer, 1992) . However, the extent to which they do so in vivo is at present indirectly inferred. In cultures prepared from neural plate stage embryos, neurons become morphologically identifiable within 6 hr after plating. At this time action potentials are long lasting and principally calcium dependent, and trigger fluctuations of intracellular calcium concentration. These properties of initial action potentials are developmentally significant since blockade of calcium influx disrupts differentiation (Bixby and Spitzer, 1984; Holliday and Spitzer, 1990; Desarmenien and Spitzer, 1991; Holliday et al., 1991) . By the end of the first day in vitro, progressive development ofoutward potassium currents has reduced the duration of the action potential and the associated influx ofcalcium ions. Development of the action potential in vitro parallels that seen in vivo (Spitzer and Lamborghini, 1976; Baccaglini and Spitzer, 1977; Blair, 1983; O'Dowd, 1983) , but differences in expression of individual currents could escape detection in this comparison.
WC have investigated the differentiation in vivo of macroscopic currents in spinal neurons of Xenopus embryos. For this purpose, we isolated spinal cords from embryos at various stages and recorded neuronal currents in situ within I hr. The short experimental time was critical to minimize further differentiation and enable study of characteristics of the currents resulting from developmental events in vivo prior to isolation. We focused on calcium and on potassium currents, which play major roles in triggering and controlling the duration of action potentials (Gu and Spitzer, 199 1; Lockery and Spitzer, 1992) . Results were compared to those previously obtained in primary cultures from neural plates of Xenopus embryos. Whole-cell voltage clamp of neurons in acutely isolated and intact embryonic spinal cord demonstrates that both the delayed-rectifier and inactivating potassium current and a low-voltage-activated (LVA) calcium current mature in situ in a manner very similar to that observed for neurons in culture. The ability to study embryonic spinal neurons both in intact preparations as well as in dissociated cell culture will promote further studies of the developmental significance of calcium signaling. 
Materials and Methods
Spinal cordpreparation. Xenopus embryos were obtained by hormoneinduced mating and staged according to the normal table of Nieuwkoop and Faber (1967) . The dorsal one-third of a single embryo (stages 22-40), including spinal cord, notochord, and surroundina lateral mesoderm, was dissected in a standard medium containingjin mM) NaCl, 116.6; KCl, 0.67: M&O,. 1.31: CaCl,. 10: and Tris. 4.6. nH 7.8. The ectoderm was removed and tissues were exposed to collag&ase (Boehringer; 1 mg/ml) in low-divalent-containing medium (in mM: NaCl, 116.6; KCl, 0.67; CaCl, , 0.5; HEPES, 8, pH 7.8) . This procedure enabled manual separation of the spinal cord from the somites and the notochord. Once isolated, the spinal cord was rinsed three times in standard medium and transferred to the recording chamber, consisting of a 35 mm culture dish coated with a thin laver of Svlaard. Washes and transfer were carried out under visual observation &I-track the orientation of the isolated spinal cord, which was then fixed in a groove, dorsal aspect uppermost, using glass needles.
Cell selection. Recordings were made from the dorsolateral Dart of the cord. Neurons present in this region are mainly interneurons, with cell bodies of 20 pm diameter and processes that grow to only 100 pm in length in larval stages (Roberts and Clarke, 1982) . Their geometry is similar to that of interneurons in dissociated cell culture (Lamborghini and Iles, 1985; Spitzer et al.. 1988) . which are freouentlv sufficiently spatially compact-to be well clamped (O'Dowd et al.: 1988; Ribera and Spitzer, 1990; Desarmenien and Spitzer, 1991) . Dorsal Rohon-Beard cells and ventral motor neurons were both avoided, since their long processes were expected to prevent adequate control of membrane potential; the opacity of the tissue at early stages also reduced the quality of transillumination and made it difficult tovisualize cells closer'to the midline. In addition, only the anterior one-third of the cord was studied to restrict the heterogeneity of cell birthdates at the stages of development examined (Nordlander, 1989 ) and achieve greater uniformity in the age of the population studied.
Cells were identified as neurons on the basis of functional and morphological criteria. At the start of a recording, a fast inward transient current was observed in standard culture medium, presumably carried by sodium ions. This current was the same size as the sodium current recorded in neurons at equivalent stages ofdevelopment in culture, with the same voltage dependence and kinetics. Sodium currents recorded from glia often have different properties from those of neurons and are generally smaller in amplitude (Barres et al., 1990 ). In addition, at the end of recording, gentle retraction of the pipette withdrew the cell from the cord and revealed the presence of processes. Cells were scored as neurons only when both criteria were met.
BiophysicuZ techniques. Neurons were visualized directly at 500x magnification using Nomarski optics. Neuronal currents were recorded at room temperature (20-22"(Z), using the whole-cell configuration of the patch-clamp technique (Hamill et al., 198 1) ; series resistance (mean of 5.6 f 0.2 MO, II = 90) was compensated ~60% (Dagan 8900 amplifier). Pipettes were pulled from Drummond hematocrit capillary tubes and fire polished, and had resistances of 2-5 MB (mean of 3.4 + 0.1 MQ). The level of bath saline was kept low, avoid&a the necessity to reduce capacitance by coating pipettes with Sylgard. Potassium currents were digitized at 50 psec: calcium T-currents were dieitized at 40 psec (first 30 msec) and 100 rsec (thereafter, see Fig. 4 ). Experiments were performed and analyzed using PCLAMP software (Axon Instruments).
An initial recording was obtained in standard medium and the fast inward current was used to test the adequacy of the clamp. Cells were rejected if there were delays in activation, the presence of several peaks, or bumps on the rising or falling phase. The medium was then changed to one containing tetrodotoxin (TTX) and cobalt chloride to block inward currents. The delayed-rectifier potassium current (I,.,) was recorded in response to depolarizing steps from a holding' potential of -40 mV at which much of the A-current is inactivated. The rapidly inactivating potassium A-current (Iti) was derived by subtraction of current traces obtained by depolarization from holding potentials of -40 and -80 mV (Ribera and Snitzer. 1990 ). Low-voltaee-activated
calcium current (I,.;) was elicited-by depolarization to potentials positive to -60 mV from a holding potential of -100 mV, in medium containing tetraethylammonium chloride (TEA) to suppress potassium currents (Gu and Spitzer, 199 1, and unpublished observations) . Series resistance was determined from the peak current in response to a 10 mV depolarizing step 18 msec in duration (digitized at 33 kHz), and the cell surface membrane area assuming a membrane capacitance of I pF/cm2 (O'Dowd et al., 1988) .
Solutions.
To facilitate direct comparison of results, recording media used in this study were the same as those employed previously to study these currents in cultured cells. Potassium currents were recorded in a medium containing (in mM) NaCI, 80; KCI, 3; MgCI,, 5; CoCI,, IO; and HEPES, 5, pH adjusted to 7.4 with NaOH; TTX was used at 6 x IO-' M. The pipette solution was (in mM) KCI, 80; KOH, 3; EGTA, IO; and HEPES, IO, pH adjusted to 7.4 with KOH. For recording calcium cur- the bath solution contained (in mM) NaCI, 80; CaCI,, 2; KCI, 3; TEA, 40; and HEPES, 5, pH adjusted to 7.4 with NaOH; TTX, 6 x lo-' M. The pipette solution was (in mM) CsCI, 95; EGTA, 10; TEA, 10; ATP-Mg, 2; CAMP, 2; and HEPES, 10, pH adjusted to 7.4 with CsOH.
Results
The isolated embryonic spinal cord allows clear visualization of relatively large single cells along its lateral margins (Fig. 1) . As many as 20 neuronal candidates can be identified in a single preparation. Whole-cell recording from these cells indicated that 78% met the criteria for neurons (n = 128 of 164), and had rapidly activated and inactivated presumptive sodium current as well as neurites. Of these, 77% were sufficiently well clamped to enable further examination.
Potassium currents
The delayed-rectifier potassium current (I,") was isolated by pharmacologically blocking inward sodium and calcium currents and holding cells at -40 mV, a potential at which I, is largely inactivated. Under these conditions no tail currents were observed at a holding potential equal to the equilibrium potential for potassium ions (-84 mV). Further, the recorded current was similar to the outward delayed-rectifier current in cultured neurons ( Fig. 2A ; O'Dowd et al., 1988; Desarmenien and Spitzer, 199 1) . I,, was studied in 75 cells, between stages 22 and 38. These stages correspond to the neural tube embryo and tailbud larva.
Both the density and kinetics of I,, underwent developmental changes similar to those observed for neurons differentiating in vitro. However, comparison with data from neuron-enriched cultures at the same developmental stages (Desarmenien and Spitzer, 199 1) revealed that there were subtle differences as well.
First, the increase in current density was greater in vivo (9 x vs 2 x), although the voltage dependence of activation remained constant (Fig. 2B, D) . Smaller absolute values of current at early stages accounted for most of the difference, even after normalization for cell size. Currents were also smaller at later stages of development in the spinal cord than in neuron-enriched cultures. However, comparison with data from 24 hr mixed cultures of neurons and myocytes, a condition that more closely approximates development in vivo, showed a current density comparable to that from the oldest embryos studied (Desarmenien and Spitzer, 199 1). Second, the time to half-maximum activation of the current decreased during development and the extent of the decrease was larger in vivo than in vitro as the result of larger initial values. However, the values obtained in neurons from the oldest embryos were comparable to those reported for 24 hr neuron-enriched cultures (Fig. 2C,E ) and for mixed cultures (Desarmenien and Spitzer, 199 1) .
The rapidly inactivating potassium current (I,) was isolated by subtraction of current traces obtained at holding potentials of -40 and -80 mV ( Fig. 3A ; Ribera and Spitzer, 1990) . The development of the A-current is delayed with respect to ZKv; it was first detected in embryos at stage 26, 6 hr after stage 22. The proportion of cells displaying A-current increased progressively with further development. At stage 32-34 (corresponding to 24 hr in culture), the current was present in five of eight cells. Voltage dependence of activation and current density were similar to those reported for neurons in culture, as was the rate of activation (Fig. 3B,C) . This current inactivated rapidly at depolarized potentials. The voltage dependence of steady-state inactivation of IU paralleled that reported for cells in vitro (Fig.  3D,E) . The delayed development of I, with respect to I,, has been previously observed for neurons in vitro (Ribera and Spitzer, 1990 ).
Calcium current
The LVA calcium current (I,,,) was elicited by depolarization to potentials positive to -60 mV from a holding potential of -100 mV (Fig. 4A) . Calcium currents were studied in 24 cells at developmental stages 2240. I,-., also inactivated rapidly following activation. The voltage dependence and rate ofactivation of this current (Fig. 4&C) were similar to those of the T-current recorded in culture (Gu and Spitzer, 199 1, and unpublished observations) . The density of the current increased during development while the time to half-maximum showed a slight decrease.
Discussion
The present work was undertaken to evaluate in viva development of voltage-dependent ionic currents in Xenopus spinal neurons. Much of the information concerning development of ,. holding potential, -100 mV."c, Time to half-maximum as a function of developmental stage. Values are means + SEM for n = 4-7; holding potential, -100 mV, step to -40 mV. excitability in these embryonic neurons is inferred from recordings of action potentials in vivo and of ionic currents in vitro. We focused first on the delayed-rectifier potassium current (IKI.), which controls the duration of action potentials and activity-dependent calcium influx during neurogenesis (Lockery and Spitzer, 1992 ; for review, see Holliday and Spitzer, 1991) . In culture, the development of IKv is composed of increases in density and rate of activation. Both require RNA synthesis during a critical period, and the maturation of kinetics requires the activity of calcium-dependent protein kinase C (Ribera and Spitzer, 1989; Dcsarmenien and Spitzer, 199 1) . Hem we show that I,, undergoes developmental changes in vivo like those reported in culture during the same period. In addition, we observe the progressive appearance of the rapidly inactivating A-current and a slight increase in density and rate of activation Desarmenien et al. * In viva Development of Currents i n Spi nal Neurons of the low-threshold calcium current. Importantly, the in vivo characteristics of the currents confirm conclusions drawn from analysis of differentiation in primary cultures. The whole-cell configuration of the patch-clamp technique was first applied successfully to cultured cells (Hamill et al., 198 l) , and the method has been more recently applied to cells in slices and in the intact nervous system (Blanton et al., 1989; Sakmann et al., 1989 ). Here we demonstrate that high-resistance seals are easily formed on cells in the spinal cord, and wholecell recordings up to an hour in duration were obtained. The absence of extensive connective tissue at the developmental stages studied may have contributed to the ability to form gigaseals without extensive enzyme treatment. Recordings were generally made from cells in the external layer, although deeper neurons could be recorded after removal of superficial ones with a patch pipette.
Neurite arborizations are not easily visualized in the intact but isolated spinal cord, and it is difficult to select cells with geometries that are spatially compact. In consequence, the adequacy of control of the membrane potential was critically evaluated in each cell before proceeding with further analysis. Cells were selected on the basis of the activation characteristics of a fast (presumably sodium) inward current. This selection assumes that the ionic channels supporting the current under study have the same membrane distribution as sodium channels. In all cells considered for analysis, Z,, showed smooth activation curves and a tail current that was abolished near the equilibrium potential for potassium ions. Z, and Z,,, were similarly smoothly activated. On this basis, the data presented were obtained from well-clamped cells.
The developmental changes in the delayed-rectifier current reported from primary cultures are qualitatively similar to those recorded in vivo. Moreover, the proportion of cells exhibiting an A-current is similar in 24 hr cultures and in stage 32-34 embryos. However, some quantitative differences in ZKv were observed. Primary cultures from Xenopus embryonic spinal cords contain predominantly early birthdate motoneurons, RohonBeard cells, and some intemeurons. These cultures are relatively homogeneous with respect to neuronal birthdates (Lamborghini, 1980; Lamborghini and Iles, 1985) , and no further neuronal precursor DNA synthesis or mitosis occurs. For the in vivo condition, the sample of neurons includes further, younger cells, resulting from the continuous addition of neurons to the growing population (Hartenstein, 1989) . The variability in current density and time to half-maximum in cells of the same stage is likely to be a reflection of the variability of birthdates. In young embryos, the mean current density is smaller and the rate of activation slower than in 6 hr cultures, consistent with this process.
In older embryos, at a time when the generation of primary neurons is complete (Hartenstein, 1989) , the mean current density is also smaller than in neuron-enriched cultures at the same developmental age. However, a more appropriate comparison of these in vivo recordings from older embryos with those from mixed cultures at the same stage (Desarmenien and Spitzer, 1991) indicates that the density and the rate of rise of Zk,, are the same in vitro as for neurons in vivo. Voltage-dependent currents in myocytes have also been shown to be regulated by the presence of neural factors (DeCino and Kidokoro, 1985; Ribera and Spitzer, 199 1) .
The development of I,,., Z,, and I,,, in vivo parallels their development in culture. The developmental changes in these currents play a significant role in further neuronal differentiation in vitro. For example, the progressive maturation of potassium currents decreases the duration of calcium-dependent action potentials that are triggered by activation of the low-threshold calcium current (Gu and Spitzer, 1991; Lockery and Spitzer, 1992) . Maturation of potassium currents also suppresses the calcium component of action potentials in cultured embryonic rat and chick cortical and brain nuclear neurons (Ahmed et al., 1983; Mori-Okamoto et al., 1983; Pettigrew et al., 1988) rat sympathetic ganglion cells (Nerbonne and Gurney, 1989) , and chick motoneurons (McCobb et al., 1990) , as well as murine neuroblastoma and rat PC1 2 cells (Dichter et al., 1977; Miyake, 1978; Ritchie, 1979; O'Lague and Huttner, 1980) . Calcium T-current can decrease in amplitude or disappear during further development (Kostyuk, 1989; McCobb et al., 1989) . Calciumdependent action potentials in embryonic Xenopus spinal neurons induce elevations of the intracellular calcium concentration at early stages of development in culture, which control subsequent differentiation (Holliday et al., 1991; see Holliday and Spitzer, 1991, for review) . It will be of interest to examine the spontaneous elevations of intracellular calcium of neurons differentiating in situ.
